Introduction
============

Sepsis, caused by the immune system's response to a serious infection, most commonly bacteria, and characterized by organ dysfunction, has a high mortality of 20%--25%.[@b1-dddt-8-1869]--[@b3-dddt-8-1869] Research efforts have defined sepsis as a syndrome of hyperinflammation.[@b4-dddt-8-1869],[@b5-dddt-8-1869] The secretion of inflammatory mediators accompanied by massive neutrophil infiltration is an important pathological factor and consequently causes autoinjury to the host, leading to multiple organ failure and death.[@b6-dddt-8-1869] Cytokines such as interleukin (IL)-12, IL-6, IL-1β, and tumor necrosis factor (TNF)-α play significant roles in this inflammatory storm.[@b7-dddt-8-1869],[@b8-dddt-8-1869] They are also involved in the pathogenesis of other inflammation-mediated diseases, such as atherosclerosis, diabetic complications, cancer, rheumatoid arthritis, and inflammatory bowel disease, through a series of cytokine signaling pathways.[@b9-dddt-8-1869],[@b10-dddt-8-1869] Thus, inflammatory cytokines such as TNF-α and IL-6 are important molecular targets in anti-inflammatory drug discovery,[@b11-dddt-8-1869] and pharmacological deregulation of cytokines by small-molecule inhibitors may contribute to the attenuation of sepsis.

Non-steroidal anti-inflammatory drugs (NSAIDs) play an important role in the therapy of inflammation or inflammation-related diseases.[@b12-dddt-8-1869] Bernard et al[@b13-dddt-8-1869] found substantial reductions in sepsis-induced prostacyclin and thromboxane excretion and mortality by treated septic patients with 48 hours of intravenous NSAIDs (ibuprofen). Similar clinical outcomes have been observed by Winning et al using NSAID treatments.[@b14-dddt-8-1869] In another large-scale clinical study with more than 9,000 patients in ICU (intensive care unit), Eisen et al[@b15-dddt-8-1869],[@b16-dddt-8-1869] observed a strong association between administration of NSAIDs to patients within 24 hours of the onset of SIRS (systemic inflammatory response syndrome) or sepsis and reduced mortality. However, the gastrointestinal side effects limit their therapeutic utility.[@b17-dddt-8-1869],[@b18-dddt-8-1869] Thus, the development of novel anti-inflammatory agents as alternatives to NSAIDs is an urgent need.[@b19-dddt-8-1869] A large number of small-molecule inhibitors of pro-inflammatory cytokine secretion have been widely investigated, some of which have advanced to clinical trials.[@b20-dddt-8-1869],[@b21-dddt-8-1869] In the past several years, our group has designed and synthesized a number of small molecules from the leading structures, including curcumin and chalcones, and evaluated their anti-inflammatory effects in lipopolysaccharide (LPS)-stimulated macrophages and LPS-induced septic mouse models.[@b22-dddt-8-1869]--[@b24-dddt-8-1869]

Since being isolated for the first time in 1866, indole has been found to be one of the most important portions in natural occurring compounds. Moreover, indole has exhibited wide applications in medicinal chemistry and is the precursor of many pharmaceuticals such as indomethacin and tenidap[@b25-dddt-8-1869] ([Figure 1](#f1-dddt-8-1869){ref-type="fig"}). Compared with traditional NSAIDs like piroxicam and diclofenac, tenidap has been shown to be more effective in the clinical treatment of rheumatic arthritis as a cytokine modulator and COX/5-LOX inhibitor.[@b26-dddt-8-1869],[@b27-dddt-8-1869] However, the oxidative metabolites of the thiophene moiety bring about the liver and kidney toxicity of tenidap, which restricts its clinical application.[@b28-dddt-8-1869],[@b29-dddt-8-1869]

Encouraged by these findings and with the incentive of developing alternative anti-inflammatory agents, we designed three series of indole-2-one derivatives with the following considerations: 1) the thiophene ring in the tenidap molecule was replaced with a phenyl or heterocyclic ring, 2) a 7-aza-2-oxindole skeleton was introduced into the tenidap structure, and 3) the linker between the phenyl and indole-2-one was modified by an amino group. All of these indole-2-one derivatives were synthesized, and then the anti-inflammatory activities both in vitro and in vivo were evaluated.

Materials and methods
=====================

Chemical synthesis
------------------

### General information

Before use, solvents were distilled under positive pressure of dry argon by standard methods. Acetonitrile and tetrahydrofuran were distilled over calcium hydride and stored over 4Å molecular sieves. All starting materials and reagents were either commercially available or previously synthesized. Unless otherwise noted, chemicals were obtained from local suppliers and were used without further purification. All reactions were monitored by thin-layer chromatography (250 μm silica gel 60 F~254~ glass plates). Nuclear magnetic resonance (NMR) spectra were recorded on Bruker 600 MHz instruments (Bruker Corporation, Billerica, MA, USA), and the chemical shifts were presented in terms of parts per million, with tetramethylsilane as the internal reference. Electron-spray ionization mass spectra in positive mode (ESI-MS) data were obtained with a Bruker Esquire 3000+ spectrometer. Column chromatography purifications were carried out on Silica Gel 60 (E. Merck, 70--230 mesh \[EMD Millipore, Billerica, MA, USA\]).

### Synthesis of intermediates 1 and 2

Allyl bromide (2.0 equiv) was added to a solution of hydroxybenzaldehyde (1.0 equiv) and K~2~CO~3~ (3.0 equiv) in acetonitrile and refluxed for 3--4 hours. The mixture was cooled to room temperature, and the solvent was then removed under vacuum. The residue was purified by chromatography over silica gel using petroleum ether/ethyl acetate as the eluent to give intermediates 1 and 2.

### Synthesis of intermediates 3, 4, and 5

A reaction mixture of the 4-fluorobenzaldehyde (1.0 equiv) and N-methylpiperazine/morpholine/piperazine (3.0 equiv) in 2-methoxyethanol was stirred at 110°C for 3--5 hours. The solvent was then removed under vacuum. The residue was washed with brine and filtrated. The solid was purified by chromatography over silica gel using petroleum ether/methanol as the eluent to give intermediates 3, 4, and 5.

### General procedure for synthesis of compounds 6a--6h and 7a--7g

To a stirred solution of indole-2-one or 7-azaoxindole (1.0 equiv) in absolute ethanol, the various aldehydes were added, including intermediates 1--5 (1.0 equiv). After stirring at room temperature for 5 minutes, NaOEt/EtOH (0.5 mL) was added, and then the mixture was stirred at room temperature overnight. The solvent was then removed under vacuum. The residue was washed with brine and then extracted with ethyl acetate. The organic layer was dried over anhydrous magnesium sulfate and concentrated under vacuum. The solid was purified by chromatography over silica gel using ethyl acetate/petroleum ether as the eluent to afford desired compounds 6a--6h and 7a--7g.

### Synthesis of compounds 6i and 7h

A reaction mixture of the compound 6f or 7e in ethyl formate was stirred overnight at 50°C. The solvent was then removed under vacuum. The residue was purified by chromatography over silica gel using ethyl acetate/petroleum ether as the eluent to afford desired compounds 6i and 7h.

### General procedure for synthesis of compounds 6j--6k and 7i--7k

To a stirred solution of compound 6f or 7e (1.0 equiv) in tetrahydrofuran, acryloyl chloride, 3-chloropropionyl chloride, or benzoyl chloride (1.1 equiv) was added. After stirring at room temperature for 5 minutes, triethylamine (0.5 mL) was added, and then the mixture was stirred at room temperature for 2--4 hours. The solvent was then removed under vacuum. The residue was washed with brine and then extracted with ethyl acetate. The organic layer was dried over anhydrous magnesium sulfate and concentrated under vacuum. The solid was purified by chromatography over silica gel using ethyl acetate/petroleum ether as the eluent to afford desired compounds 6j--6k and 7i--7k.

### General procedure for synthesis of compounds 8a--8h

A reaction mixture of the various substituted amines (1.0 equiv) and 5-chloroisatin (1.0 equiv) in methanol was stirred at 60°C for 3--5 hours. The solvent of the resulting mixture was then removed under vacuum. The residue was washed with brine, dried over anhydrous magnesium sulfate, and then filtrated. The solid was purified by chromatography over silica gel using ethyl acetate/petroleum ether as the eluent to give desired compounds 8a--8h.

The spectral data of new or unreported compounds are shown in the Supplementary materials.

Quantitative structure--activity relationship analysis
------------------------------------------------------

The methods and software programs used for quantitative structure--activity relationship (SAR) model establishment and analysis, including descriptor calculation and selection, multiple linear regression analysis, and related software programs, were described in our previous publication.[@b30-dddt-8-1869]

Animals
-------

Male C57BL/6 mice weighing 18−22 g were obtained from the Animal Center of Wenzhou Medical University (Wenzhou, People's Republic of China). Animals were housed at a constant room temperature, with a 12/12-hour light−dark cycle and fed with a standard rodent diet and water. The animals were acclimatized to the laboratory for at least 7 days before use in the experiments. Protocols involving the use of animals were approved by the Wenzhou Medical University Animal Policy and Welfare Committee (approval documents: 2009/APWC/0031).

Reagents
--------

All starting materials and reagents for synthesis and LPS were purchased from Sigma-Aldrich Co, (St Louis, MO, USA). eBioscience (San Diego, CA, USA) was the source of mouse IL-6 enzyme-linked immunosorbent assay (ELISA) kit and mouse TNF-α ELISA kit.

Cells
-----

Mouse RAW264.7 macrophages were obtained from the American Type Culture Collection (Manassas, VA, USA). RAW264.7 macrophages were incubated in Dulbecco's Modified Eagle's Medium (DMEM) (Gibco^®^; Life Technologies, Carlsbad, CA, USA) supplemented with 10% FBS (Gibco), 100 U/mL penicillin, and 100 mg/mL streptomycin at 37°C with 5% CO~2~.

Cell treatment and ELISA assay
------------------------------

Mouse RAW264.7 macrophages were incubated in DMEM (Gibco) supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C with 5% CO~2~. Cells were pretreated with 10 μM of compounds, or vehicle control for 2 hours, then treated with LPS (0.5 μg/mL) for 22 hours. After treatment, the culture media and cells were collected separately. The culture media collected were centrifuged at 1,000 rpm for 10 minutes. The levels of TNF-α and IL-6 in the media were determined by ELISA using mouse TNF-α and mouse IL-6 ELISA Kits (eBioscience). After centrifugation, the supernatant was separated and stored at −80°C until use. Cells were washed with phosphate buffered saline (PBS) and harvested with cell lysis buffer (Tris-HCl 20 mM, NP-40 \[nonyl phenoxypolyethoxylethanol\] 1%, NaCl 150 mM, EDTA \[ethylenediaminetetraacetic acid\] 2 mM, Na~3~VO~4~ 200 mM, SDS \[sodium dodecyl sulfate\] 0.1%, and NaF 20 mM). The mixed liquor was shaken vigorously for 10 minutes in lysis buffer at 0°C. After being centrifuged at 12,000 rpm for 5 minutes at 4°C, the total protein was collected, and the concentrations were determined using Bio-Rad Laboratories Inc. (Hercules, CA, USA) protein assay reagents. The total amount of the inflammatory factor in the media was normalized to the total protein amount of the viable cell pellets.

MTT assay
---------

RAW264.7 cells were seeded into 96-well plates at a density of 5,000 cells per well in DMEM (Gibco) supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. The cells were maintained at 37°C in a humidified atmosphere containing 5% CO~2~. All experiments were carried out 24 hours after cells were seeded. Tested compounds were dissolved in dimethyl sulfoxide (DMSO) and diluted with DMEM to the final concentrations of 10 μM (1% DMSO). The cells were incubated with test compounds for 24 hours before the MTT assay. A fresh solution of MTT (5 mg/mL) prepared in PBS was added to each single well of the 96-well plates. The plates were then incubated in a CO~2~ incubator for 4 hours, cells dissolved with 150 μL DMSO, and then analyzed in a multi-well-plate reader at 570 nM. Active compounds 7i and 8e were investigated for cytotoxic effects by using a higher concentration (10, 25, and 50 μM).

Real-time quantitative polymerase chain reaction
------------------------------------------------

Cells were homogenized in TRIZOL kit (Invitrogen; Thermo Fisher Scientific, Waltham, MA, USA) for extraction of RNA according to each manufacturer's protocol. Both reverse transcription and quantitative polymerase chain reaction (PCR) were carried out using a two-step M-MLV Platinum SYBR Green qPCR SuperMix-UDG kit (Invitrogen). Eppendorf (Hamburg, Germany) Mastercycler ep realplex detection system was used for quantitative PCR analysis. The primers of genes including COX-2, iNOS, and PGES were synthesized by Invitrogen. The primer sequences of mouse genes used were as follows: COX-2 sense primer, 5′-TGGTGCCTGGTCTGATGATG-3′COX-2 antisense primer, 5′-GTGGTAACCGCTCAGG TGTTG-3′iNOS sense primer, 5′-CAGCTGGGCTGTACAAACCTT-3′iNOS antisense primer, 5′-CATTGGAAGTGAAGCG TTTCG-3′PGES sense primer, 5′-GAGCCCACCGCAACGACATG-3′PGES antisense primer, 5′-CAGATGGTGGGCCA CCTCCC-3′β-actin sense primer, 5′-TGGAATCCTGTGGCATC CATGAAAC-3′β-actin antisense primer, 5′-TAAAACGCAGCTCA GTAACAGTCCG-3′.

The amount of each gene was determined and normalized by the amount of β-actin.

LPS-induced inflammatory mortality in mice
------------------------------------------

Male C57BL/6 mice were obtained from the Animal Center of Wenzhou Medical College (Wenzhou, People's Republic of China). Animals were housed at a constant room temperature, with a 12/12-hour light--dark cycle, and fed with a standard rodent diet and water. The animals were acclimatized to the laboratory for at least 7 days before use in the experiments. Protocols involving the use of animals were approved by the Wenzhou Medical College Animal Policy and Welfare Committee (Approval documents: 2009/APWC/0031). Compound 7i was firstly dissolved with macrogol 15 hydroxystearate (a nonionic solubilizer for injection, from BASF \[Ludwigshafen, Germany\]) with or without medium-chain triglycerides (MCT, from BASF) in a water bath at 37°C. The concentration of 7i was 2 mg/mL. The concentration of solubilizer was 5%--10%, and MCT 0.5%--2.0% in final solution. For the vehicle, the mixture of solubilizer and MCT was prepared at 10% and 2%, respectively. Male C57BL/6 mice weighing 18--22 g were treated with 7i solution (200 μL, 15 mg/kg) by intravenous injection 15 minutes before the intraperitoneal injection of LPS (25 mg/kg). Control animals received a similar volume (200 μL) of vehicle. Bodyweight change and mortality were recorded for 7 days.

Statistical analysis
--------------------

The results are presented as the mean ± standard deviation. The Student's *t*-test was employed to analyze the differences between sets of data. Statistics were performed using GraphPad Pro (GraphPad, San Diego, CA, USA). *P*-values less than 0.05 were considered indicative of significance. All experiments were repeated at least three times.

Results and discussion
======================

Chemistry
---------

The facile and efficient synthetic route for 7-aza-2-oxindoles (6a--6k), indole-2-ones (7a--7k) and amino-linked indole-2-ones (8a--8h) is outlined in [Figures 2](#f2-dddt-8-1869){ref-type="fig"} and [3](#f3-dddt-8-1869){ref-type="fig"}. Treatment of hydroxybenzaldehyde with allyl bromide was catalyzed by K~2~CO~3~ in CH~3~CN to produce intermediates 1 and 2. Nucleophilic substitution of the fluorine atom of 4-fluorobenzaldehyde with N-methylpiperazine, morpholine or piperazine gave intermediates 3, 4, and 5, respectively. Compounds 1--5 and several substituted benzaldehydes were condensed with 7-aza-2-oxindole or indole-2-one through an aldol condensation reaction in basic conditions to produce compounds 6a--6h and 7a--7g, with a yield ranging from 30%--80%. Compounds 6i--6k and 7h--7k were prepared by a one-step amidation reaction using 6f or 7e and acyl chloride with triethylamine as a catalyst, producing a yield of 30%--60% ([Figure 2](#f2-dddt-8-1869){ref-type="fig"}). The synthesis of amino-linked indole-2-one (8a--8h) proceeded via a different route ([Figure 3](#f3-dddt-8-1869){ref-type="fig"}). Briefly, commercially available 5-chloroisatin and aromatic amines were refluxed in methanol solution to afford the target amino-linked indole-2-ones (8a--8h). 6e, 7b--7d, and 7f--7h have been reported in the literature (see Supplementary material). All of the new products were determined using ^1^H-NMR, ^13^C-NMR ([Figure S1](#SD1-dddt-8-1869){ref-type="supplementary-material"}), and ESI-MS, and some of bioactive compounds were further characterized by HRMS and LC-MS ([Figure S2](#SD2-dddt-8-1869){ref-type="supplementary-material"}). Detailed information on their synthesis and structural characterization are described in the Supplementary materials. Before use in the biological experiments, all synthetic compounds were purified by recrystallization or silica gel column chromatography, and high-performance liquid chromatography was used to determine their purity (\>95%) as shown in [Figure S3](#SD3-dddt-8-1869){ref-type="supplementary-material"}.

Cytokine-inhibitory activity and cytotoxicity of all compounds
--------------------------------------------------------------

The cultured macrophage stimulated by LPS, a prototypical endotoxin in Gram-negative bacteria, was used to establish the inflammatory cell model. The anti-inflammatory activity of tenidap and 30 synthetic compounds was determined to evaluate the ability of inhibiting the TNF-α and IL-6 release stimulated by LPS in mouse RAW264.7 macrophages. Macrophages were pretreated with compounds (10 μM) for 2 hours and then treated with LPS (0.5 μg/mL) for 22 hours. ELISA was employed to detect the cytokines in media, and the cytokine amounts were normalized by the protein concentration of cells in the same plates.

The preliminary screening results are shown in [Figure 4A and B](#f4-dddt-8-1869){ref-type="fig"}. The majority of the 30 tested compounds exhibited obvious anti-inflammatory activity by inhibiting LPS-induced TNF-α and IL-6 expression in vitro and showed a higher activity than the leading compound tenidap. Among these compounds, 7b, 7i, 8b, 8e, 8f, and 8g showed inhibition of IL-6 production in the range of 40%−50%. Compounds 7c, 7i, 7k, 8d, and 8e exhibited more than 40% inhibition of TNF-α expression compared with LPS controls. Compound 7i showed the strongest inhibitory activity on LPS-induced TNF-α and IL-6 production, with inhibitory rates of 44.5% and 57.2%, respectively. Before further investigation, the cytotoxicity of all compounds was tested in RAW264.7 cells. Cell viability was detected by MTT assay after treatment with the compounds for 24 hours. As shown in [Figure 4C](#f4-dddt-8-1869){ref-type="fig"}, only 6c and 7c showed moderate cytotoxicity, while the other compounds were nontoxic at 10 μM in RAW264.7 cells, indicating that they are relatively safe.

Quantitative SAR of these indole-2-one analogs
----------------------------------------------

According to the bio-screening result, it was observed that indole-2-ones (7a--7k) exhibited more potent anti-inflammatory activity than 7-aza-2-oxindoles (6a--6k). Among these derivatives, 7b, 7i, 7c, and 7k with an electron-donating group at the phenyl ring exhibited strong anti-inflammatory activity, while a decrease in anti-inflammatory activity is detected when the phenyl ring was substituted with the electron-withdrawing groups (ie, 6d and 7d). In addition, an appropriate polarity of substituents also plays an important role in the cytokine-inhibitory effects of compounds. Further, a quantitative SAR was established to explore the SAR of these compounds and to assess the effects of different substituents on the anti-inflammatory activity. The results represented by the scatterplot of predicted versus experimental values are shown in [Figure 5](#f5-dddt-8-1869){ref-type="fig"}. Using three different variables, the statistically significant models (Equations 1 and 2 in [Figure 5](#f5-dddt-8-1869){ref-type="fig"}) were obtained for the anti-TNF-α and anti-IL-6 activities of compounds, with relatively high regression coefficients (*R*^2^) of 0.73 and 0.77, respectively. The quantitative SAR results indicate that the polarizability and lipid/water partition coefficient (ALogP) of the molecule may play a crucial role in the anti-inflammatory activity of indole-2-one derivatives. The analysis on SAR and quantitative SAR models contribute to pave the way for us to design and optimize anti-inflammatory candidates with the indole-2-one skeleton in the future.

Cytotoxicity of the most active compounds 7i and 8e
---------------------------------------------------

We further tested the cytotoxic effects of the most promising compounds 7i and 8e at two higher concentrations (25, and 50 μM) in three normal cell lines: RAW264.7, mouse primary mouse peritoneal macrophages (MPMs), and rat renal tubular epithelial cell line NRK-52E. The results in [Figure S4](#SD4-dddt-8-1869){ref-type="supplementary-material"} suggested that 7i and 8e are not cytotoxic at these concentrations. It is noteworthy that the structure of compound 7i contains two amide-based Michael addition acceptors (α, β-unsaturated ketone), which have been commonly considered to contribute to the side-effects of small-molecule agents. Although Michael addition acceptors are traditionally shunned in modern drug discovery, trapping of thiols by covalent coupling represents an important mechanism of bio-activity, and many biologically relevant and druggable pathways are targeted by thiol-reactive compounds.[@b31-dddt-8-1869] Recently, a number of papers have also suggested that amide-based Michael acceptors might provide tolerable drugs.[@b32-dddt-8-1869],[@b33-dddt-8-1869] The fact that compound 7i with two α, β-unsaturated ketone moieties shows excellent anti-inflammatory effects but non-cytotoxicity may indicate that the compound may participate in a facile Michael addition.[@b34-dddt-8-1869] In addition, it is also unclear whether the Michael addition receptor plays an important role in the anti-inflammatory properties of these indole-2-ones. Thus, further studies are necessary to establish such a notion. Such studies should include testing of the anti-inflammatory activity of newly designed derivatives, with or without Michael addition receptors, and examination of their underlying molecular mechanisms and targets.

Compounds 7i and 8e inhibited the LPS-induced cytokine release in a dose-dependent manner
-----------------------------------------------------------------------------------------

Dose-dependent inhibitory activity of 7i and 8e were further assessed. RAW264.7 macrophages were pretreated with 7i and 8e at concentrations of 2.5, 5.0, 10, and 20 μM for 2 hours, respectively, and were subsequently incubated with LPS (0.5 μg/mL) for 22 hours. The release of TNF-α and IL-6 was determined by ELISA. As shown in [Figure 6A and B](#f6-dddt-8-1869){ref-type="fig"}, compounds 7i and 8e exhibited dose-dependent inhibition against LPS-stimulated TNF-α and IL-6 releases. Compound 7i showed stronger inhibitory rates than 8e.

Compounds 7i and 8e inhibited the LPS-stimulated mRNA expression of mediators COX-2, PGES, and iNOS
---------------------------------------------------------------------------------------------------

Since the COX-2 pathway has been reported to be involved in tenidap's anti-inflammatory effects, we also demonstrated the inhibitory effects of tenidap, 7i, and 8e against the overexpression of mediators COX-2, PGES, and iNOS by real-time quantitative PCR in LPS-stimulated macrophages. Here, close to the pathological practice, we used the mouse primary mouse peritoneal macrophages (MPMs) instead of the macrophage cell line RAW264.7. Briefly, primary macrophages were treated with compounds (10 μM) and LPS (0.5 μg/mL), and total RNA was extracted. Specific mRNAs were detected by real-time quantitative PCR. The results in [Figure 7](#f7-dddt-8-1869){ref-type="fig"} show that 8e had a comparable inhibition to tenidap, while 7i possessed much higher activity than tenidap against COX-2, PGES, and iNOS expression. Thus, compound 7i was chosen for the next in vivo evaluation as an anti-inflammatory agent.

Compounds 7i and 8e inhibited LPS-induced mortality
---------------------------------------------------

As a major endotoxin, LPS has been implicated as a major cause of sepsis. Inflammatory shock as a consequence of LPS stimulation remains a serious clinical concern, which can cause a variety of pathologies ranging from mild (fever) to lethal (septic shock, organ failure, and death).[@b35-dddt-8-1869] We determined whether 7i was able to attenuate endotoxin-induced septic shock in vivo. Compound 7i was used in a water-soluble preparation for intravenous administration in acute inflammatory mouse models. LPS was intraperitoneally injected into 15--18-week-old mice at a dosage of 25 mg/kg, with or without 7i, and the survival was then monitored for 7 days. As shown in [Figure 8](#f8-dddt-8-1869){ref-type="fig"}, all animals treated with LPS alone died within 3 days as a result of septic shock. In animals receiving 7i at 15 mg/kg 15 minutes prior to LPS injection, the survival was significantly increased compared with that of the control group (50% survival versus LPS-alone group, *P*\<0.01). Thus, our data provide evidence for the anti-inflammatory effects of these indole-2-one derivatives and the potent preventative effects of 7i in sepsis.

Conclusion
==========

In conclusion, we have presented 30 indole-2-one and 7-aza-2-oxindole derivatives and evaluated their bioactivities in vitro as anti-inflammatory agents. It was observed that the indole-2-one series showed greater activity than the 7-aza-2-oxindole series. Combined with the quantitative SAR analysis, the high molecular polarizability and low lipid/water partition coefficient (ALogP) in the indole-2-one skeleton were favorable for the anti-inflammatory activities of indole-2-one derivatives. Among tested compounds, 7i was the most potent one and showed excellent inhibition on the expression of TNF-α, IL-6, COX-2, PGES, and iNOS in LPS-stimulated macrophages. In vivo, 7i showed significant pharmacological effect in attenuation of the lethality of LPS-induced septic mouse models. These results indicate that indole-2-one derivatives are promising anti-inflammatory agents and should be further developed as candidates for the treatment of acute inflammatory diseases.

Supplementary materials
=======================

The spectral data of new or unreported compounds
------------------------------------------------

**(*Z*)-3-\[4-(allyloxy)-2-hydroxybenzylidene\]-1*H*-pyrrolo\[2,3-b\]pyridin-2(3H)-one (6a):** Yellow powder, 32.2% yield, mp: 212.5°C--213.3°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 4.67 (2H, d, *J*=6.6 Hz, O−CH~2~), 5.29 (1H, dd, *J*~1~=1.8 Hz, *J*~2~=10.2 Hz, −C=CH~2~), 5.44 (1H, dd, *J*~1~=1.8 Hz, *J*~2~=17.4 Hz, −C=CH~2~), 6.04--6.07 (1H, m, −CH=C), 6.72 (1H, d, *J*=8.4 Hz, Ar-H^5^), 6.74 (1H, s, Ar-H^3^), 6.89--6.91 (1H, m, 7-aza-2-oxindole-H^5^), 7.67 (1H, d, *J*=8.4 Hz, 7-aza-2-oxindole-H^4^), 7.77 (1H, d, *J*=8.4 Hz, 7-aza-2-oxindole-H^6^), 7.86 (1H, d, *J*=8.4 Hz, Ar-H^6^), 7.98 (1H, s, Ar-CH). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 168.76, 162.08, 158.67, 156.72, 156.65, 147.62, 133.49, 131.19, 129.12, 123.79, 118.16, 117.44, 115.55, 106.83, 104.91, 100.45, 69.04. ESI-MS *m/z*: 293.5 (M − 1)^−^.

**(*Z*)-3-\[4-(allyloxy)benzylidene\]-1*H*-pyrrolo\[2,3-*b*\]pyridin-2(3H)-one (6b):** Yellow powder, 30.4% yield, mp: 135.6°C--136.9°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 4.67 (2H, d, *J*=4.8 Hz, O−CH~2~), 5.30 (1H, dd, *J*~1~=1.8 Hz, *J*~2~=10.2 Hz, −C=CH~2~), 5.44 (1H, dd, *J*~1~=1.8 Hz, *J*~2~=17.4 Hz, −C=CH~2~), 6.04--6.10 (1H, m, −CH=C), 6.91--6.93 (1H, m, 7-aza-2-oxindole-H^5^), 7.12 (2H, d, *J*=9.0 Hz, Ar-H^3,5^), 7.72 (2H, d, *J*=9.0 Hz, Ar-H^2,6^), 7.83 (1H, s, Ar-CH), 7.93 (1H, d, *J*=7.8 Hz, 7-aza-2-oxindole-H^4^), 8.46 (1H, d, *J*=8.4 Hz, 7-aza-2-oxindole-H^6^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 168.74, 160.09, 156.94, 154.74, 147.84, 138.16, 134.87, 133.52, 132.10, 129.20, 126.54, 124.04, 122.37, 118.07, 117.47, 115.30, 68.63. ESI-MS *m/z*: 279.0 (M + 1)^+^.

**(*Z*)-3-(2,4,6-trimethoxybenzylidene)-1*H*-pyrrolo\[2,3-*b*\]pyridin-2(3H)-one (6c):** Yellow powder, 77.2% yield, mp: 176.7°C--178.1°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 3.79 (9H, s, O−CH~3~ ×3), 6.19 (2H, s, Ar-H^3,5^), 6.81--6.83 (1H, m, 7-aza-2-oxindole-H^5^), 7.15 (1H, d, *J*=6.0 Hz, 7-aza-2-oxindole-H^4^), 7.88 (1H, s, Ar-CH), 8.04 (1H, d, *J*=6.0 Hz, 7-aza-2-oxindole-H^6^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 175.92, 166.24, 165.93, 163.64 ×2, 159.23, 143.65, 130.65, 127.75, 116.04, 108.12, 105.04, 91.03 ×2, 55.86 ×3. ESI-MS *m/z*: 313.2 (M + 1)^+^.

**(*Z*)-3-(2-chlorobenzylidene)-1*H*-pyrrolo\[2,3-*b*\]pyridin-2(3H)-one (6d):** Yellow powder, 55.2% yield, mp: 198.5°C--199.5°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 6.79--6.81 (1H, m, 7-aza-2-oxindole-H^5^), 7.35--7.43 (3H, m, Ar-H^4--6^), 7.53 (1H, d, *J*=7.8 Hz, Ar-H^3^), 7.55 (1H, d, *J*=6.0 Hz, 7-aza-2-oxindole-H^4^), 7.66 (1H, d, *J*=6.0 Hz, 7-aza-2-oxindole-H^6^), 7.99 (1H, s, Ar-CH). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 167.92, 157.45, 148.91, 133.57, 133.30, 132.59, 131.90, 130.59, 130.17, 129.92, 128.29, 127.81, 117.74, 115.16. ESI-MS *m/z*: 256.9 (M + 1)^+^.

**(*Z*)-3-\[(1-methyl-1H-indol-3-yl)methylene\]-1*H*-pyrrolo\[2,3-*b*\]pyridin-2(3H)-one (6e):** Yellow powder, 50.1% yield, mp: 296.4°C--297.5°C. ESI-MS *m/z*: 276.0 (M + 1)^+^ (see Wood et al[@b1-dddt-8-1869]).

**(*Z*)-3-\[4-(piperazin-1-yl)benzylidene\]-1*H*-pyrrolo\[2,3-*b*\]pyridin-2(3H)-one (6f):** Orange powder, 74.3% yield, mp: 72.3°C--74.1°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 2.82 (4H, t, *J*=5.4 Hz, N−CH~2~ ×2), 3.26 (4H, t, *J*=5.4 Hz, −N−CH~2~ ×2), 6.91--6.93 (1H, m, 7-aza-2-oxindole-H^5^), 7.04 (2H, d, *J*=9.0 Hz, Ar-H^3,5^), 7.64 (2H, d, *J*=9.0 Hz, Ar-H^2,6^), 7.72 (1H, s, Ar-CH), 7.95 (1H, d, *J*=4.8 Hz, 7-aza-2-oxindole-H^4^), 8.05 (1H, d, *J*=4.8 Hz, 7-aza-2-oxindole-H^6^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 169.11, 156.48, 152.76, 147.07, 138.95, 135.06, 132.33 ×2, 128.75, 121.34, 117.35, 113.94 ×2, 113.22, 63.01 ×2, 47.94 ×2. ESI-MS *m/z*: 306.8 (M + 1)^+^.

**(*Z*)-3-\[4-(4-methylpiperazin-1-yl)benzylidene\]-1*H*-pyrrolo\[2,3-*b*\]pyridin-2(3H)-one (6g):** Orange oil, 53.7% yield. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 2.24 (3H, s, N−CH~3~), 2.46 (4H, t, *J*=5.4 Hz, C−N−CH~2~ ×2), 3.38 (4H, t, *J*=5.4 Hz, −N−CH~2~ ×2), 6.91--6.93 (1H, m, 7-aza-2-oxindole-H^5^), 7.06 (2H, d, *J*=9.0 Hz, Ar-H^3,5^), 7.65 (2H, d, *J*=9.0 Hz, Ar-H^2,6^), 7.72 (1H, s, Ar-CH), 7.95 (1H, d, *J*=7.2 Hz, 7-aza-2-oxindole-H^4^), 8.01 (1H, d, *J*=7.2 Hz, 7-aza-2-oxindole-H^6^). ^13^C-NMR (600 MHz, DMSO-*d*~6~): δ (ppm): 169.09, 156.48, 152.27, 147.13, 138.90, 135.02, 132.28 ×2, 123.05, 121.55, 117.36, 116.19, 114.13 ×2, 54.49 ×2, 46.77 ×2, 45.85. ESI-MS *m/z*: 321.01 (M + 1)^+^.

**(*Z*)-3-(4-morpholinobenzylidene)-1*H*-pyrrolo\[2,3-*b*\]pyridin-2(3H)-one (6h):** Orange powder, 77.1% yield, mp: 57.7°C--58.5°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 3.32 (4H, t, *J*=5.4 Hz, O−CH~2~ ×2), 3.71 (4H, t, *J*=5.4 Hz, −N−CH~2~ ×2), 6.91--6.94 (1H, m, 7-aza-2-oxindole-H^5^), 7.03 (2H, d, *J*=9.0 Hz, Ar-H^3,5^), 7.64 (1H, s, Ar-CH), 7.72 (2H, d, *J*=9.0 Hz, Ar-H^2,6^), 8.00 (1H, d, *J*=6.0 Hz, 7-aza-2-oxindole-H^4^), 8.04 (1H, d, *J*=6.0 Hz, 7-aza-2-oxindole-H^6^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 169.02, 156.59, 155.15, 147.24, 138.80, 134.90, 131.62 ×2, 128.81, 126.93, 121.91, 117.35, 113.42 ×2, 66.03 ×2, 46.82 ×2. ESI-MS *m/z*: 307.91 (M + 1)^+^.

**(*Z*)-4-{4-\[(2-oxo-1*H*-pyrrolo\[2,3-*b*\]pyridin-3(2H)-ylidene)methyl\]phenyl}piperazine-1-carbaldehyde (6i):** Yellow powder, 32.3% yield, mp: 105.3°C--106.6°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 3.52 (8H, t, *J*=5.4 Hz, −N−CH~2~ ×4), 6.91--6.94 (1H, m, 7-aza-2-oxindole-H^5^), 7.11 (2H, d, *J*=9.0 Hz, Ar-H^3,5^), 7.67 (2H, d, *J*=9.0 Hz, Ar-H^2,6^), 7.74 (1H, s, Ar-CH), 7.95 (1H, d, *J*=7.2 Hz, 7-aza-2-oxindole-H^4^), 8.00 (1H, d, *J*=7.2 Hz, 7-aza-2-oxindole-H^6^), 8.10 (1H, s, −N−CHO). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 169.01, 161.44 ×3, 147.27, 138.72, 134.96, 132.24 ×2, 128.84, 123.64, 117.36, 114.77 ×2, 113.97, 45.64 ×2, 44.53 ×2. ESI-MS *m/z*: 334.98 (M + 1)^+^.

**(*Z*)-3-\[4-(4-acryloylpiperazin-1-yl)benzylidene\]-1*H*-pyrrolo\[2,3-*b*\]pyridin-2(3H)-one (6j):** Orange oil, 31.9% yield. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 3.75 (8H, t, *J*=6.6 Hz, −N−CH~2~ ×4), 5.72 (1H, dd, *J*~1~=1.8 Hz, *J*~2~=10.8 Hz, CO−C=CH), 6.15 (1H, dd, *J*~1~=1.8 Hz, *J*~2~=14.4 Hz, CO−C=CH), 6.81--6.88 (1H, m, CO−CH=C), 6.92--6.94 (1H, m, 7-aza-2-oxindole-H^5^), 7.04 (2H, d, *J*=7.8 Hz, Ar-H^3,5^), 7.08 (1H, d, *J*=9.0 Hz, 7-aza-2-oxindole-H^4^), 7.66 (2H, d, *J*=7.8 Hz, Ar-H^2,6^), 7.73 (1H, s, Ar-CH), 8.06 (1H, d, *J*=7.8 Hz, 7-aza-2-oxindole-H^6^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 171.77, 167.20, 164.58, 151.88, 147.22, 138.80, 134.98, 132.28 ×2, 131.74, 128.87, 128.35, 127.80, 126.32, 117.36, 114.32 ×2, 45.88 ×2, 37.39 ×2. ESI-MS *m/z*: 360.9 (M + 1)^+^.

**(*Z*)-3-{4-\[4-(3-chloropropanoyl)piperazin-1-yl\]benzylidene}-1*H*-pyrrolo\[2,3-*b*\]pyridin-2(3H)-one (6k):** Orange powder, 34.4% yield, mp: 45.4°C--46.9°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 3.05 (2H, t, *J*=7.2 Hz, OC−CH~2~), 3.39 (4H, t, *J*=6.0 Hz, OC−N−CH~2~ ×2), 3.62 (4H, t, *J*=6.0 Hz, −N−CH~2~ ×2), 3.82 (2H, t, *J*=7.2 Hz, −CH~2~−Cl), 6.91--6.93 (1H, m, 7-aza-2-oxindole-H^5^), 7.07 (2H, d, *J*=9.0 Hz, Ar-H^3,5^), 7.66 (2H, d, *J*=9.0 Hz, Ar-H^2,6^), 7.73 (1H, s, Ar-CH), 7.95 (1H, d, *J*=7.8 Hz, 7-aza-2-oxindole-H^4^), 8.00 (1H, d, *J*=7.8 Hz, 7-aza-2-oxindole-H^6^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 169.04, 167.28, 156.56, 154.24, 139.74, 138.80, 134.99, 132.28 ×2, 128.35, 127.79, 117.36, 114.31 ×2, 113.52, 45.66 ×4, 40.78, 35.45. ESI-MS *m/z*: 397.33 (M + 1)^+^.

**(*Z*)-3-\[4-(allyloxy)-2-hydroxybenzylidene\]indolin-2-one (7a):** Yellow oil, 37.2% yield. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 4.59 (2H, d, *J*=4.8 Hz, O−CH~2~), 5.29 (1H, dd, *J*~1~*=*1.8 Hz, *J*~2~*=*10.2 Hz, −C=CH~2~), 5.42 (1H, dd, *J*~1~=1.8 Hz, *J*~2~=16.2 Hz, −C=CH~2~), 6.02--6.08 (1H, m, −CH=C), 6.53 (1H, s, Ar-H^3^), 6.57 (1H, d, *J*=8.4 Hz, Ar-H^5^), 6.85 (1H, d, *J*=7.8 Hz, indolin-2-one-H^7^), 7.14--7.20 (2H, m, indolin-2-one-H^5,6^), 7.62 (1H, d, *J*=8.4 Hz, Ar-H^6^), 7.66 (1H, s, Ar-CH), 8.88 (1H, d, *J*=8.4 Hz, indolin-2-one-H^4^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 169.31, 161.47, 158.54, 142.52, 139.12, 133.62, 132.54, 130.86, 129.35, 124.55, 122.19, 121.11, 117.94, 114.55, 110.04, 106.10, 102.15, 68.50. ESI-MS *m/z*: 292.7 (M − 1)^−^.

**(*Z*)-3-\[4-(allyloxy)benzylidene\]indolin-2-one (7b):** Yellow powder, 60.1% yield, mp: 165.7°C--166.3°C. ESI-MS *m/z*: 278.3 (M + 1)^+^ (see Chen et al[@b2-dddt-8-1869]).

**(*Z*)-3-(2,4,6-trimethoxybenzylidene)indolin-2-one (7c):** Yellow powder, 83.1% yield, mp: 178.1°--179.0°C. ESI-MS *m/z*: 311.9 (M + 1)^+^ (see Yang et al[@b3-dddt-8-1869]).

**(*Z*)-3-\[2-(trifluoromethyl)benzylidene\]indolin-2-one (7d):** Yellow powder, 73% yield, mp: 149.5°C--151.0°C. ESI-MS *m/z*: 290.2 (M + 1)^+^ (see Zhang et al[@b4-dddt-8-1869]).

**(*Z*)-3-\[4-(piperazin-1-yl)benzylidene\]indolin-2-one (7e):** Orange powder, 80.4% yield, mp: 225.4°C--226.9°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 2.82 (4H, t, *J*=5.4 Hz, N−CH~2~ ×2), 3.25 (4H, t, *J*=5.4 Hz, −N−CH~2~ ×2), 6.80 (2H, d, *J*=7.8 Hz, Ar-H^3,5^), 7.02 (1H, d, *J*=8.4 Hz, indole-2-one-H^7^), 7.11--7.14 (1H, m, indole-2-one-H^5^), 7.17--7.20 (1H, m, indole-2-one-H^6^), 7.52 (1H, s, Ar-CH), 7.76 (2H, d, *J*=7.8 Hz, Ar-H^2,6^), 8.42 (1H, d, *J*=8.4 Hz, indole-2-one-H^4^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 169.47, 142.49, 139.94, 134.68, 131.84 ×2, 129.24, 127.56, 126.10, 123.99, 123.40, 121.11, 113.97 ×2, 113.30, 48.17 ×2, 45.65 ×2. ESI-MS *m/z*: 306.1 (M + 1)^+^.

**(*Z*)-3-\[4-(4-methylpiperazin-1-yl)benzylidene\]indolin-2-one (7f):** Orange powder, 82.3% yield, mp: 191.6°C--193.0°C. ESI-MS *m/z*: 320.19 (M + 1)^+^ (see Furuta et al[@b5-dddt-8-1869]).

**(*Z*)-3-(4-morpholinobenzylidene)indolin-2-one (7g):** Orange powder, 85.3% yield, mp: 239.3°C--240.1°C. ESI-MS *m/z*: 307.09 (M + 1)^+^ (see Vieth et al[@b6-dddt-8-1869]).

**(*Z*)-4-{4-\[(2-oxoindolin-3-ylidene)methyl\]phenyl)}piperazine-1-carbaldehyde (7h):** Yellow powder, 45.7% yield, mp: 204.7°C--205.6°C. ESI-MS *m/z*: 334.09 (M + 1)^+^ (see Ravindranathan et al[@b7-dddt-8-1869]).

**(*Z*)-3-\[4-(4-acryloylpiperazin-1-yl)benzylidene\]indolin-2-one (7i):** Orange powder, 27.5% yield, mp: 135.6°C--136.9°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 3.69 (8H, t, *J*=5.4 Hz, −N−CH~2~ ×4), 5.71 (1H, dd, *J*~1~=1.8 Hz, *J*~2~*=*10.8 Hz, CO−C=CH), 6.15 (1H, dd, *J*~1~=1.8 Hz, *J*~2~=16.8 Hz, CO−C=CH), 6.80--6.84 (1H, m, CO-CH=C), 6.88 (2H, d, *J*=7.8 Hz, Ar-H^3,5^), 7.04 (1H, d, *J*=9.0 Hz, indole-2-one-H^7^), 7.12--7.15 (1H, m, indole-2-one-H^5^), 7.18--7.21 (1H, m, indole-2-one-H^6^), 7.53 (1H, s, Ar-CH), 7.74 (2H, d, *J*=7.8 Hz, Ar-H^2,6^), 8.44 (1H, d, *J*=9.0 Hz, indole-2-one-H^4^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 169.44, 164.57, 151.54, 142.56, 136.84, 134.63, 131.79 ×2, 129.38, 128.29, 127.79, 123.99, 122.11, 121.74, 121.15, 114.37 ×2, 113.66, 47.43 ×2, 44.75 ×2. ESI-MS *m/z*: 360.41 (M + 1)^+^. HRMS (ESI) calculated for C~22~H~21~N~3~O~2~(MH+), 360.1707; found, 360.1711.

**(*Z*)-3-{4-\[4-(3-chloropropanoyl)piperazin-1-yl\]benzylidene} indolin-2-one (7j):** Orange powder, 31.8% yield, mp: 77.3°C--78.5°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 2.88 (2H, t, *J*=6.6 Hz, CO−CH~2~), 3.38 (4H, t, *J*=5.4 Hz, CO−N−CH~2~ ×2), 3.68 (4H, t, *J*=5.4 Hz, −N−CH~2~ ×2), 3.88 (2H, t, *J*=6.6 Hz, −CH~2~−Cl), 6.87 (2H, d, *J*=7.8 Hz, Ar-H^3,5^), 6.96 (1H, d, *J*=9.0 Hz, indole-2-one-H^7^), 7.01--7.04 (1H, m, indole-2-one-H^5^), 7.18--7.21 (1H, m, indole-2-one-H^6^), 7.75 (1H, s, Ar-CH), 7.81 (2H, d, *J*=7.8 Hz, Ar-H^2,6^), 8.34 (1H, d, *J*=9.0 Hz, indole-2-one-H^4^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 169.40, 168.14, 142.57, 136.81, 134.63, 131.79 ×2, 129.37, 126.00, 124.00, 121.74, 121.13, 120.92, 114.38 ×2, 110.12, 47.20, 46.90, 44.48, 44.42, 40.79, 35.46. ESI-MS *m/z*: 395.95 (M + 1)^+^.

**(*Z*)-3-\[4-(4-benzoylpiperazin-1-yl)benzylidene\]indolin-2-one (7k):** Orange powder, 40.3% yield, mp: 204.2°C--205.3°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 3.47 (4H, t, *J*=5.4 Hz, −N−CH~2~ ×2), 3.77 (4H, t, *J*=5.4 Hz, CO−N−CH~2~ ×2), 6.79 (2H, d, *J*=7.8 Hz, Ar-H^3,5^), 7.06 (1H, d, *J=*9.0 Hz, indole-2-one-H^7^), 7.12--7.14 (1H, m, indole-2-one-H^5^), 7.18--7.20 (1H, m, indole-2-one-H^6^), 7.45--7.47 (3H, m, CO-Ar-H^3--5^), 7.53 (1H, s, Ar-CH), 7.74 (2H, d, *J*=7.8 Hz, Ar-H^2,6^), 7.62--7.66 (2H, m, CO-Ar-H^2,6^), 8.44 (1H, d, *J*=9.0 Hz, indole-2-one-H^4^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 169.32, 151.59, 142.58, 136.79, 135.99, 131.78, 129.86, 129.40, 128.69 ×2, 127.24 ×3, 125.99, 124.11, 124.07, 122.09, 121.73, 121.13, 114.52 ×2, 113.80, 47.63 ×2, 44.55 ×2. ESI-MS *m/z*: 409.9 (M + 1)^+^.

**(*Z*)-5-chloro-3-\[(2-mercapto-1*H*-benzo\[*d*\]imidazol-6-yl) imino\]indolin-2-one (8a):** Orange powder, 67.3% yield, mp: \>300°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 6.87 (1H, d, *J=*10.2 Hz, benzoimidazol-H^5^), 6.98 (1H, d, *J=*10.2 Hz, indolin-2-one-H^6^), 7.04 (1H, s, benzoimidazol-H^7^), 7.09 (1H, d, *J=*10.2 Hz, benzoimidazol-H^4^), 7.46 (1H, d, *J=*10.2 Hz, indolin-2-one-H^7^), 7.55 (1H, s, indolin-2-one-H^4^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 169.03, 163.53, 154.28, 145.96, 145.04, 133.85, 133.35, 130.58, 125.40, 124.58, 122.24, 117.12, 113.09, 110.47, 101.84. ESI-MS *m/z*: 329.78 (M + 1)^+^.

**(*Z*)-1-{2-\[2-(5-chloro-2-oxoindolin-3-ylidene)hydrazinyl\]-2-oxoethyl}pyridin-1-iumchloride (8b):** Yellow powder, 78.9% yield, mp: 235.5°C--236.7°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 6.22 (2H, s, −N−CO−CH~2~−), 7.05 (1H, d, *J=*8.4 Hz, indolin-2-one-H^6^), 7.48 (1H, d, *J=*8.4 Hz, indolin-2-one-H^7^), 7.59 (1H, s, indolin-2-one-H^4^), 8.27 (2H, m, pyridin-H^3,5^), 8.73 (1H, m, pyridin-H^4^), 9.11 (2H, d, *J=*5.4 Hz, pyridin-H^2,6^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 169.04, 163.53, 153.28, 146.91, 146.72, 134.85, 133.35, 125.41, 125.30, 123.24, 118.22, 115.21, 113.09, 110.50, 40.35. ESI-MS *m/z*: 315.19 (M − Cl)^+^.

**(*Z*)-5-chloro-3-\[(2-methyl-1*H*-indol-5-yl)imino\]indolin-2-one (8c):** Yellow powder, 79.0% yield, mp: 167.6°C--168.5°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 2.36 (3H, s, methylindole-CH~3~), 6.50 (1H, s, methylindole-H^3^), 6.74 (1H, d, *J*=8.4 Hz, methylindole-H^6^), 6.84 (1H, d, *J*=7.8 Hz, indolin-2-one-H^6^), 6.90 (1H, d, *J*=8.4 Hz, methylindole-H^7^), 7.13 (1H, s, indolin-2-one-H^4^), 7.21 (1H, s, methylindole-H^4^), 7.33 (1H, d, *J=*7.8 Hz, indolin-2-one-H^7^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 178.34, 163.98, 152.30, 145.49, 141.21, 135.96, 133.70, 133.46, 129.09, 126.05, 125.62, 124.85, 124.17, 117.19 ×2, 111.39, 13.44. ESI-MS *m/z*: 310.45 (M + 1)^+^.

**(*Z*)-5-chloro-3-(quinolin-6-ylimino)indolin-2-one (8d):** Yellow powder, 79.8% yield, mp: 197.3°C--198.2°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 7.49--7.51 (2H, m, quinolin-H^7,8^), 7.56--7.58 (2H, m, indolin-2-one-H^6^, quinolin-H^3^), 7.65 (1H, s, indolin-2-one-H^4^), 7.94 (1H, d, *J*=8.4 Hz, indolin-2-one-H^7^), 8.15 (1H, s, quinolin-H^5^), 8.35 (1H, d, *J*=7.8 Hz, quinolin-H^4^), 8.90 (1H, d, *J*=7.8 Hz, quinolin-H^2^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 163.35, 154.67, 150.26, 147.88, 146.20, 145.99, 135.99, 134.24, 130.95, 128.28, 125.51, 124.81, 123.93, 122.47, 117.11 ×2, 113.48. ESI-MS *m/z*: 308.37 (M + 1)^+^.

**(*Z*)-5-chloro-3-\[(2,3-dihydro-1*H*-inden-5-yl)imino\]indolin-2-one (8e):** Orange powder, 83.7% yield, mp: 269.5°C--270.9°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 2.03--2.09 (2H, m, inden-H^4^), 2.90 (4H, t, *J=*7.2 Hz, inden-H^3.5^), 6.46 (1H, s, inden-H^2^), 6.76 (1H, d, *J*=8.4 Hz, inden-H^7^), 6.91 (1H, d, *J*=8.4 Hz, inden-H^6^), 7.31 (1H, d, *J*=8.4 Hz, indolin-2-one-H^6^), 7.40 (1H, d, *J*=8.4 Hz, indolin-2-one-H^7^), 7.54 (1H, s, indolin-2-one-H^4^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 163.51, 153.83, 148.40, 145.82, 145.60, 141.24, 133.78, 125.43, 125.29, 124.83, 117.09, 115.51, 114.00, 113.28, 32.66, 32.10, 25.46. ESI-MS *m/z*: 297.23 (M + 1)^+^. HRMS (ESI) calculated for C~17~H~13~ClN~2~O (MH+), 297.0789; found, 297.0785.

**(*Z*)-5-chloro-3-\[(9-ethyl-9*H*-carbazol-3-yl)imino\]indolin-2-one (8f):** Yellow powder, 81.2% yield, mp: 266.6°C--267.5°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 1.35 (3H, t, *J*=7.2 Hz, −NH−C−CH~3~), 4.50 (2H, q, *J*=7.2 Hz, −NH−CH~2~−C), 6.93 (1H, d, *J=*8.4 Hz, indolin-2-one-H^6^), 7.19--7.24 (2H, m, carbazol-H^7,8^), 7.38 (1H, d, *J*=8.4 Hz, carbazol-H^9^), 7.50 (1H, d, *J*=8.4 Hz, carbazol-H^2^), 7.65 (1H, d, *J*=8.4 Hz, carbazol-H^3^), 7.74 (1H, d, *J*=8.4 Hz, indolin-2-one-H^7^), 7.92 (1H, s, indolin-2-one-H^4^), 8.16 (1H, d, *J*=8.4 Hz, carbazol-H^6^), 8.19 (1H, s, carbazol-H^5^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 153.17, 145.74, 141.63, 140.38, 138.15, 133.58, 126.50, 125.35, 124.35, 124.09, 122.96, 122.71, 122.40, 120.97, 119.19, 117.62, 115.09, 113.24, 110.09, 109.71, 37.43, 13.90. ESI-MS *m/z*: 374.90 (M + 1)^+^.

**(*Z*)-3-\[(1-acetylindolin-5-yl)imino\]-5-chloroindolin-2-one (8g):** Crimson powder, 75.4% yield, mp: 270.7°C--270.9°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 2.18 (3H, s, N−CO−CH~3~), 3.18 (2H, t, *J=*8.4 Hz, acetyindolin-H^3^), 4.15 (2H, t, *J*=8.4 Hz, acetyindolin-H^2^), 6.92 (1H, d, *J=*8.4 Hz, acetyindolin-H^7^), 6.97 (1H, s, acetyindolin-H^4^), 7.41 (1H, d, *J*=8.4 Hz, acetyindolin-H^6^), 7.45 (1H, d, *J*=8.4 Hz, indolin-2-one-H^6^), 7.52 (1H, s, indolin-2-one-H^4^), 8.10 (1H, d, *J*=8.4 Hz, indolin-2-one-H^7^). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 168.78, 163.55, 153.47, 145.83, 141.25, 133.80, 126.56, 125.46, 124.53, 122.07, 120.76, 117.12, 116.40, 115.72, 113.30, 48.65, 27.62, 24.17. ESI-MS *m/z*: 340.45 (M + 1)^+^.

**(*Z*)-3-\[(2-amino-6-morpholinopyridin-3-yl)imino\]-5-chloroindolin-2-one (8h):** Purple powder, 75.7% yield, mp: 213.8°C--215.1°C. ^1^H-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 3.64--3.66 (8H, m, morpholino-CH~2~ ×4), 6.16 (1H, d, *J*=9.6 Hz, pyrdin-H^5^), 6.78 (1H, d, *J*=9.6 Hz, pyrdin-H^4^), 7.19 (1H, d, *J*=8.4 Hz, indolin-2-one-H^6^), 7.61 (1H, d, *J*=8.4 Hz, indolin-2-one-H^7^), 7.93 (1H, s, indolin-2-one-H^4^), 8.93(2H, s, −NH2). ^13^C-NMR (600 MHz, DMSO-*d*~6~) δ (ppm): 159.34, 153.47, 150.51, 143.48, 139.96, 133.71, 130.07, 126.02, 120.86, 117.64, 111.97, 95.97, 66.21 ×2, 44.80 ×2. ESI-MS *m/z*: 358.59 (M + 1)^+^.

###### 

Original spectrums of ^1^H-NMRand ^13^C-NMR data of the active compounds.

**Notes:** (**A**) ^1^H-NMR of compound 7i. (**B**) ^13^C-NMR of compound 7i. (**C**) ^1^H-NMR of compound 8e. (**D**) ^13^C-NMR of compound 8e.

**Abbreviations:** ^1^H-NMR, ^1^H-nuclear magnetic resonance; ^13^C-NMR, ^13^C-nuclear magnetic resonance; ppm, parts per million; t1, relaxation time.

###### 

LC-MS of the active compounds.

**Notes:** (**A)** LC-MS of compound 7i. (**B**) LC-MS of compound 8e.

**Abbreviations:** LC-MS, liquid chromatograph mass spectrometer; MS, mass spectrometer; m/z, mass charge ratio; UV, ultraviolet rays.

###### 

HPLC determination for purity of the representative compounds.

**Note:** (**A**) RP-HPLC spectrum of compound 7b: purity 98.73%. (**B**) RP-HPLC spectrum of compound 7c: purity 96.75%. (**C**) RP-HPLC spectrum of compound 7i: purity 96.32%. (**D**) RP-HPLC spectrum of compound 7k: purity 96.25%. (**E**) RP-HPLC spectrum of compound 8d: purity 99.18%. (**F**) RP-HPLC spectrum of compound 8e: purity 99.93%. (**G**) RP-HPLC spectrum of compound 8f: purity 99.80%. (**H**) RP-HPLC spectrum of compound 8g: purity 98.60%. The values 1, 2, and 5 beside the peak in each graph denotes the compound is the first, second, or fifth peak shown in the graph. HPLC conditions: column, XDB-C18 (4.6 mm ID ×150 mm L); column temperature, 25°C; mobile phase, H~2~O/CH~3~OH =50:50--10:90; flow rate, 1.0 mL/min; wavelength, UV 400 nm. BB, BV, MM, and VV refer to the type of peak.

**Abbreviations:** AU, absorbance unit; D, data; HJ, method name; HPLC, high performance liquid chromatography; ID, inside diameter; L, length; RP-HPLC, reversed-phase high performance liquid chromatography; mins, minutes; min, minimum; UV, ultraviolet; VWD1A, variable wavelength UV detector.

###### 

The cytotoxicity of active compounds 7i and 8e in RAW264.7 macrophages, MPMs, and NRK-52E cells.

**Abbreviations:** DMSO, dimethyl sulfoxide; MPM, mouse peritoneal macrophage.
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![Chemical structures of indomethacin and tenidap. Indole-2-one skeleton (green rectangle) and the moiety (red rectangle) which may contribute to the toxicity are marked.](dddt-8-1869Fig1){#f1-dddt-8-1869}

![General synthetic routes and chemical structures of 7-aza-2-oxindoles (6a--6k) and indole-2-ones (7a--7k).\
**Abbreviation:** Comp, compound.](dddt-8-1869Fig2){#f2-dddt-8-1869}

![General synthetic route and chemical structures of amino-linked indole-2-ones (8a--8h).\
**Abbreviation:** Comp, compound.](dddt-8-1869Fig3){#f3-dddt-8-1869}

![Cytokine-inhibitory activity and cytotoxicity of all compounds. (**A** and **B**) Macrophages were pre-treated with compounds (10 μM) for 2 hours and then treated with LPS (0.5 μg/mL) for another 22 hours. TNF-α (**A**) and IL-6 (**B**) levels in the media were detected by ELISA and were normalized by the total protein. The results were expressed as the percentage of LPS control. Each bar represents mean ± SEM of three independent experiments. \**P*\<0.05; \*\**P*\<0.01. (**C**) The cytotoxicity of compounds (10 μM) was tested in RAW264.7 macrophages. MTT method was employed for cell viability after a treatment period of 24 hours.\
**Abbreviations:** DMSO, dimethyl sulfoxide; ELISA, enzyme-linked immunosorbent assay; IL, interleukin; LPS, lipopolysaccharide; MTT, methyl thiazolyl tetrazolium; SEM, standard error of the mean; TNF, tumor necrosis factor.](dddt-8-1869Fig4){#f4-dddt-8-1869}

![Plots of predicted activity against the corresponding experimental activity on TNF-α (**A**)^a^ and IL-6 (**B**)^b^ inhibition.\
**Notes:** ^a^Equation 1, IR~TNF-α~ =−29.37 (±10.18) + 5.23 (±0.58) RDF + 339.82 (±44.57) H-GETAWAY −0.23 (±0.053) H-GETAWAY, N=30, *R*^2^=0.76, *R*~adj~[@b2-dddt-8-1869]=0.73, *s*=8.03, *F*~3,26~=27.29, *P*=3.42 × 10^−8;\ b^equation 2, IR~IL-6~ =87.87 (±10.61) −67.92 (±14.57) Geary − 0.43 (±0.12) RDF + 15.74 (±4.68) 3D-MoRSE, N=30, *R*^2^=0.79, *R*~adj~[@b2-dddt-8-1869]=0.77, *s*=7.12, *F*~3,26~ =33.05, *P*=5.04 × 10^−9^\]; where IR is the inhibition rate, N is the number of compounds taken into account in the regression, *R*^2^ is the multiple correlation coefficient, *R*~adj~[@b2-dddt-8-1869] is the adjusted multiple correlation coefficient, *s*, is the residual standard error, and the *F* value is related to the *F*-statistic analysis (Fischer's exact test); the numbers in parentheses mean the standard deviation of the coefficients.\
**Abbreviations:** 3D-MoRSE, 3D-Molecule Representation of Structures based on Electron diffraction; Geary, Geary topological autocorrelation descriptors; GETAWAY, GEometry, Topology and Atom-Weights AssemblY descriptors; IL, interleukin; Pre, predicted; RDF, radial distribution function; TNF, tumor necrosis factor.](dddt-8-1869Fig5){#f5-dddt-8-1869}

![Dose-dependent inhibition of 7i and 8e on TNF-α and IL-6 secretion induced by LPS in RAW264.7 macrophages. Macrophages were pretreated with 7i and 8e at indicated concentrations for 2 hours, followed by 0.5 μg/mL LPS treatment for 22 hours. TNF-α (**A**) and IL-6 (**B**) levels in the culture medium were measured by ELISA and were normalized to the total protein amount. Each bar represents mean ± SEM of three independent experiments. Statistical significance relative to LPS is indicated: \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** DMSO, dimethyl sulfoxide; ELISA, enzyme linked immunosorbent assay; LPS, lipopolysaccharide; SEM, standard error of the mean; TNF, tumor necrosis factor; IL, interleukin.](dddt-8-1869Fig6){#f6-dddt-8-1869}

![The inhibitory effects of tenidap, 7i, and 8e against the overexpression of mediators COX-2 (**A**), iNOS (**B**), and PGES (**C**) by real-time quantitative PCR in LPS-stimulated macrophages. Cells were pretreated with compounds or vehicle control for 2 hours and treated with LPS (0.5 μg/mL) for 6 hours. The mRNA levels of inflammatory mediators COX-2, PGES, and iNOS were quantified by real-time quantitative PCR. The mRNA values for each gene were normalized to internal control β-actin mRNA and were expressed as a ratio to DMSO.\
**Notes:** Each bar represents the mean ± SEM of four to seven independent experiments. Statistical significance relative to LPS group is indicated: \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** CON, control; COX-2, cyclooxygenase-2; DMSO, dimethyl sulfoxide; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; mRNA, messenger ribonucleic acid; PCR, polymerase chain reaction; PGES, prostaglandin E synthase; SEM, standard error of the mean.](dddt-8-1869Fig7){#f7-dddt-8-1869}

![Active compound 7i attenuated LPS-induced septic shock in vivo. Mice were treated with 15 mg/kg 7i (intravenously) either 15 minutes before the injection of 25 mg/kg of LPS (intraperitoneally). Survival was recorded for 7 days after the LPS injection at the interval of 1 day.\
**Note:** n=10 animals in each group.\
**Abbreviation:** LPS, lipopolysaccharide.](dddt-8-1869Fig8){#f8-dddt-8-1869}
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